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Abstract 
Energy crisis is what being faced by every country today. Many efforts have been devoted to overcome the problems. One of 
several offered solutions is to develop solar cells (SCs) since solar energy is abundant and free to use. Especially in a tropical 
country like Indonesia, solar energy is available a whole year with quite high power 450 mWcm-2. Several types of SCs, 
especially silicon-based, have been mass-produced and applied in our daily life. Silicon-based SC has high efficiency yet has 
high price. Dye Sensitized Solar Cell is an inexpensive type of SC. The natural ingredients could be utilized as dyes for DSSC. In 
this research, tamarillo extract was employed as the dye for TiO2-based DSSC. TiO2 powder was spin-coated on top of Fluorine-
Doped Tin Oxide (FTO) conductive glass and calcined at 550 oC, 650 oC and 750 o C each for 60 and 120 min. Scanning Electron 
Microscope (SEM) and X-Ray Diffractometer (XRD) were used to characterize the morphology and structure of the material. 
Brunauer-Emmet-Teller (BET) analysis was utilized to measure the material active surface area. As the result, the sample 
calcined at 650 oC for 60 minutes showed the highest electrical performance of 542.5 mV and 0.356 mAcm-2 which corresponded 
to an SC efficiency of 0.043%. This result was supported by the BET analysis showing the sample calcined at 650 oC for 60 min 
had the largest active surface area of 9.3 m2g-1. A large active surface area enabled more dye and electrolyte to be stored inside 
the material so that photon adsorptions from solar energy became more effective and resulting in higher efficiency.  Despite of 
the small efficiency, this work demonstrated the opportunities of tamarillo and TiO2 to be applied as a DSSC. 
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1. Introduction 
Nowadays energy crisis is a big issue for every country in the world. Fossil fuel is still an idol because of its 
relatively low price, ease in the usage and availability. However since the reserves are becoming to decrease, 
alternative energy resources especially which are eco-friendly and inexpensive are urged to be explored and utilized. 
One of the green and inexpensive energy sources is the sun. Every hour the sunshine hits onto the Earth giving 
energy more than enough to satisfy global energy needs for an entire year. Solar energy is the technology used to 
harness the sun's energy and make it useable. Solar cell (SC) is one of several ways to convert solar energy into 
electrical energy. Silicon-based SCs have been mass-produced and applied in many applications with quite high 
efficiency of 15-25%.  However they have some drawbacks including high cost and requirement of wide area to 
place the solar panel1. 
They were Gratzel and O’Regan in 1991 who first introduced an attractive and low cost SC namely Dye 
Sensitized Solar Cell (DSSC) which based on TiO2 material2.  DSSC is consisted of an anode of conductive glass 
coated with a conductor noble metal, such Pt and Pd/Au, which acts as a counter electrode and photocatalyst,  a 
cathode of semiconductor materials, such asTiO2 porous film and ZnO, on a conductive glass substrate contained a 
monolayer of dyes and an electrolyte of certain organic solvent containing a redox couple, such as I-/I3-  3.  
TiO2 is a semiconductor having three polymorphisms including tetragonal rutile, tetragonal anatase and 
orthorhombic brookite. Rutile structure is the most thermodynamically stable phase, while the other two are 
metastable4. TiO2 of anatase phase has wider energy band gap of 3.2 eV compared to the rutile phase which has 3.0 
eV, and hence it has better photo-activity performance and suitable for DSSC application5.  
Besides semiconductor material, dye also plays an important role in enhancing DSSC performance since it should 
be able to harvest the sunlight and transfer it into electrical energy. Many researches have been conducted on DSSC 
using different types of dyes including natural and synthetic dyes. The main characteristic of the dye is its ability in 
absorbing the visible light spectrum from red to blue so that it can sensitize the wide band gap semiconductor 
material3. Ruthenium polypyridyl complex has been employed as a dye for Zn-doped TiO2 microspheres based 
DSSC and resulted in a quite high power efficiency of 5.63% 6. However this transition metal coordination 
compound is expensive. Therefore people are interested to utilize inexpensive dye ingredients based on natural 
products such as fruits and vegetables having flavonoid (natural pigment) which contains anthocyanin. Anthocyanin 
is a blue, red or violet pigment found in plants and able to absorb visible lights.  
Hao, et.al  have used various natural dyes extracted from black rice, capsicum, erythrina variegata flower, rosa 
xanthina, and kelp as sensitizers and found that the dye from black rice showed the best photosensitized effect, 
which was due to the better interaction between the carbonyl and hydroxyl groups of anthocyanin molecule on black 
rice extract and the surface of TiO2 porous film3. Chang, et.al have reported the usages of  ipomoea fruit and spinach 
extracts as dyes for DSSC and resulted in efficiencies of 0.257% and 0.131% respectively7.  
Tamarillo (solanum betaceum) has red color and never been reported as a dye for DSSC as far as we know. 
Therefore in this research, DSSC was assembled by TiO2 of anatase structure as a semiconductor material for 
cathode, tamarillo extract as a dye and Pd/Au as catalyst for its lower price than Pt and good reactivity towards 
triiodide reduction, comparable with Pt and carbon8.  TiO2 was spin-coated on top of FTO transparent glass and 
calcined at 550 oC, 650 oC and 750 o C each for 60 and 120 minutes.  The correlation between structure and electrical 
property of the material was analyzed using SEM, XRD, BET and electrical measurements. DSSC power efficiency 
was calculated as the ratio of DSSC power output (voltage x current density) to average solar power input in the 
eastern part of Indonesia 450 mWcm-2, simulated by a light source of the same power.  
 
Nomenclature 
SC solar cell  
DSSC  dye sensitized solar cell 
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2. Experimental  
3.5 g of commercial TiO2 powder of anatase structure (Merck) was mixed with 15 ml of ethanol (Merck) and 
stirred using a magnetic stirrer for 30 minutes to form TiO2 paste. The TiO2 paste was dropped using an eye-pipette 
on top of FTO conductive glass of 20 mm x20 mm and spin-coated at 500 rpm for 30 seconds and 2000 rpm for 90 
seconds. The TiO2-coated FTO was then calcined at 550 oC, 650 oC and 750 o C each for 60 and 120 minutes. The 
sample was characterized by SEM (FEI Inspect S50 with a working voltage 20 kV) to see the morphology and XRD 
(X’pert PANalytical with Cu KD radiation source O = 1.54056 Å and Ni-filter) to see the structure. To measure the 
active surface area, TiO2 powder was prepared from TiO2 paste calcined at the same temperature and time using 
BET analysis (Quantachrome Autosorb iQ).  
To prepare the dye, 250 g of tamarillo fruit skin, fruit pulp and mix of fruit skin-pulp each was juiced in a fruit 
juicer. Each juice was mixed with 15 ml distilled water, 21 ml ethanol and 4 ml acetic acid. The solution was stirred 
thoroughly and filtered to get dye solution. Each dye was analyzed using UV-Vis spectrophotometer (Shimadzu-
1240) to observe the ability in absorbing the visible light.   Meanwhile, electrolyte solution was prepared by mixing 
0.8 g KI 0.5 M into 10 ml acetonitrile and added by 0.127 g I2. The electrolyte solution was then stored in a sealed 
bottle. The counter electrode (anode) was prepared by sputtering the FTO conductive glass with Pd/Au metal target 
for 15 minutes.  
To sensitize the semiconductor material, dye solution was placed in a petri dish and the TiO2-coated FTO was 
immersed into dye solution for 2 hours so that dye was absorbed inside TiO2 active areas. The TiO2-coated FTO was 
then rinsed in distilled water and ethanol and dried in open air. 
TiO2 layer of 5 mm width from each FTO edge was scratched for electrical connection. Hence the TiO2 layer was 
10 mm x 10 mm in each FTO surface. DSSC was assembled like a sandwich by placing the FTO side which had 
been coated by TiO2 layer and sensitized by tamarillo dye face to face with another FTO side which had been 
sputtered by Pd/Au.  The two pieces of FTO glass were clamped on the opposite sides by two metal clips. The 
electrolyte solution was dropped in the space between the two FTO glasses. The DSCC was then measured its open 
circuit voltage (VOC) and short circuited current density (ISC) by a digital multimeter for 15 days under a light source 
with power of 450 mWcm-2. 
 
3. Results and Discussion 
Fig. 1 depicts the result of UV-Vis spectrophotometer measurement of the dyes from tamarillo skin, pulp and mix 
of skin-pulp in the visible light spectrum of 450 – 750 nm. The dye from the tamarillo pulp had the highest 
absorbance in the visible light wavelength of ~ 450 – 560 nm, while mix of tamarillo skin-pulp had the highest 
absorbance in the wavelength of 560 – 750 nm. The mix of fruit skin and pulp enhanced the light absorption in the 
range of 560 – 750 nm. Since tamarillo pulp has the highest ability in absorbing photon from light, for the whole 
DSSC assemblies, tamarillo pulp was chosen to be employed as the dye.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The absorption spectra of absorbance vs. wavelength of the tamarillo-based dye. 
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Fig. 2 The secondary electron SEM images of TiO2 nanomaterial which has been coated on top of FTO conductive 
glass after calcined at (a) 550 oC for 60 minutes (b) 550 oC for 120 minutes (c) 650 oC for 60 minutes (d) 650 oC for 
120 minutes (e) 750 oC for 60 minutes (f) 750 oC for 120 minutes. 
 
 Fig. 2 displays the SEM images of TiO2 nanomaterial which has been coated on top of FTO glass. The TiO2 
nanomaterial had spherical forms (0-D) and distributed almost uniformly with particle sizes ranging from 0.2–0.4  
Pm. Some TiO2 spheres stuck together to form small clusters. Longer calcination time caused the particles to grow 
slightly larger although visually the size differences were not so clear. It was seemed that the calcination 
temperature did not change the size of the materials, since the TiO2 material was a commercial product which had 
certain size and structure.  
 TiO2 applied as a photocatalyst had several dimensional structures including 0-D (sphere), 1-D (fiber and tube), 
2-D (nanosheet) and 3-D (interconnected architecture). The spherical structure is the most widely used and studied 
in photocatalyst application including DSSC. The TiO2 spheres usually possess high specific surface area which 
results in better photocatalytic performance because the photocatalytic reactions are based on chemical reactions on 
the surface of the photocatalyst. These structural features increase the light-harvesting capabilities of these materials 
because they enhance light use by allowing as much light as possible to access the interior9. 
Fig. 3 shows the XRD pattern of TiO2 nanomaterial which has been coated on top of FTO glass and calcined at 
various temperatures. All of the patterns corresponded well to TiO2 crystal of anatase structure (JCPDS no 84-1286) 
with three dominant peaks of (101), (200) and (004) planes recorded at 2T = 25.325o, 47.98o and 37.73o respectively. 
A minor peak of FTO glass was reflected at 2T = 76.02o. The crystalline sizes were calculated using Debbye-
Scherrer formula and tabulated at Table 1. The crystalline sizes were almost the same for the six samples indicated 
that the calcination temperature variations did not changed much the structure of the commercial TiO2 material 
being used. 
Table 1 also listed the BET measurement results positioning the sample calcined at 650 oC for 60 minutes as the 
sample having the highest active surface area of 9.262 m2g-1, followed by the sample calcined at 550 oC for 60 
minutes, 750 oC for 60 minutes, 650 oC for 120 minutes, 550 oC for 120 minutes and 750 oC for 120 minutes. 
Longer calcination time caused the particles to grow larger and hence the active surface area decreased, although in 
this work all of the active surface areas have almost the same magnitude. 
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Fig. 3 X-Ray Diffraction (XRD) patterns of TiO2 nanomaterial which has been coated on top of FTO conductive 
glass after calcined at (a) 550 oC for 60 minutes (b) 550 oC for 120 minutes (c) 650 oC for 60 minutes (d) 650 oC for 
120 minutes (e) 750 oC for 60 minutes (f) 750 oC for 120 minutes. 
 
Table 1. Crystalline size and active surface area of TiO2 material 
 
Fig. 4 displays the voltages and currents harvested by the 6 DSSC assemblies after 15 days, while Fig. 5 shows 
the power performed by the 6 DSSC. The trend of electrical performance was in-line with the trend of BET results, 
positioning the sample calcined at 650 oC for 60 minutes as the sample which showed the highest electrical 
performance and that calcined at 750 oC for 120 minutes as the lowest.  
When the solar light penetrates the conductive glass, the dye (photosensitizer) which is sensitive to solar (visible) 
light will absorb the photon. The electron of the dye will be excited and injected to the conduction band of TiO2 and 
flow through the external wire to the load (e.g. lamp). The lost of electron from the dye will be compensated by the 
electron from the electrolyte through redox reaction of iodide (I-) oxidized into triiodide (I3-) and releasing electron. 
The electron from the load will flow back to DSSC through the counter electrode (Pd/Au-coated FTO) which 
catalytically assist the reduction reaction of the electrolyte triiodide (I3-) into iodide (I-) and re-used in the conversion 
process of light into electrical energy in DSSC10.   
In this work, the electrical performance of the DSSC was enhanced with the high active surface area. As 
previously mentioned above, whenever the TiO2 active surface area increased, the dye and electrolyte contents 
together with light penetration also increased making the DSSC performance increased.   
Calcination Temperature (oC) Calcination Time (minutes) Crystalline size (Å) Active Surface Area (m2g-1) 
550 60 608.84 8.587 
120 608.83 7.298 
650 60 608.85 9.262 
120 608.84 7.894 
750 60 608.8 8.135 
120 608.77 6.724 
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Fig. 4 (a) Voltage vs. time curve and (b) Current density vs. time curve of DSSC comprised of TiO2-coated FTO 
after calcined at (a) 550 oC for 60 minutes (b) 550 oC for 120 minutes (c) 650 oC for 60 minutes (d) 650 oC for 120 
minutes (e) 750 oC for 60 minutes (f) 750 oC for 120 minutes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Power density vs. time curve of DSSC comprised of TiO2-coated FTO after calcined at (a) 550 oC for 60 
minutes (b) 550 oC for 120 minutes (c) 650 oC for 60 minutes (d) 650 oC for 120 minutes (e) 750 oC for 60 minutes 
(f) 750 oC for 120 minutes. 
 
Overall, the voltage, current density and hence the power density decreased with time. Generally the voltages 
reached the maximum at the second day while the current densities reached maximum at the third and sixth days, 
and therefore the power densities reached maximum at the third and sixth days. To reduce the power drops, the best 
DSSC sample was wrapped with plastic packing. The power density performances were compared and plotted in 
Fig. 6. The plastic wrapping slightly helped in reducing the power density drop, although it could not stabilize the 
power density performance significantly. Our initial hypothesis, the dye and electrolyte solution vaporizations 
caused the power density dropped. However it seemed not only solution vaporizations which caused the drop. The 
dye and electrolyte solution instabilities (e.g. dye degradation and electrolyte redox reaction irreversibility) probably 
also caused the power performance drop.  
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Fig. 6 The comparison of power density performances of DSSC I (without plastic wrapping) and DSSC II (with 
plastic wrapping) taken from the best sample which calcined at 650 oC for 60 minutes. 
 
Table 2 lists the VOC and ISC of the maximum power density outputs and efficiencies of the 6 DSSCs. The DSSC 
from TiO2-coated FTO calcined at 650 oC for 60 minutes was found to have the highest efficiency of 0.043%. This 
efficiency was much lower compared to commercial silicon-based SC efficiency of 15-25%. This efficiency was 
also lower compared with DSSC reported by Zhang et.al6 (5.63%) using ruthenium polypyridyl complex and by 
Chang, et.al7 (0.257%) using ipomoea fruit as the dyes.  
The highest VOC of 542.5 mV was comparable with those reported by Chang, et.al11 of 0.56 V from pomegranate 
leaf extract, 0.555 V from mulberry extract and 0.53 V from mixture of anthocyanin (mulberry) and chlorophyll 
(pomegranate leaf).  However the highest efficiency reached in our work was different because Chang, et.al11 had 
higher current densities in the range of 1.89 – 2.8 mAcm-2 which resulted in higher efficiencies of 0.548 – 0.722%. 
The low current density of our work might originate from higher electrical resistance in DSSC assembly which 
might be caused by the thin film of Pd/Au. Longer Pd/Au sputtering time probably could reduce the resistance. 
Despite of the low efficiency, this work has proved the ability of tamarillo fruit as a dye for DSSC. 
     Table 2. The VOC and ISC of the maximum power density output and DSSC efficiency  
 
 Calcination 
Temperature (oC) 
Calcination Time 
(minutes) 
VOC (mV) ISC (mAcm-2) Pmax (mWcm-2) K (%) 
550 60 513.4 0.321 0.1648 0.037 
120 430.1 0.201 0.0865 0.019 
650 60 542.5 0.356 0.1931 0.043 
120 402.3 0.256 0.1030 0.023 
750 60 487.2 0.235 0.1145 0.025 
120 356.3 0.178 0.0634 0.014 
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4. Conclusion 
DSSCs have been successfully prepared from TiO2 nano material of anatase structure and tamarillo fruit extract 
as a dye with the highest efficiency of 0.043% (VOC = 542.5 mV and ISC = 0.356 mAcm-2) resulted from TiO2 coated 
FTO calcined at 650 oC for 60 hours due to the highest active surface area.  Plastic wrapping helped to slightly 
reduce the power drops, although it could not stabilize the power performance. Despite of the low efficiency, this 
work has showed the potency of tamarillo fruit extract as a dye ingredient for DSSC application. 
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